In patients infected with the fungus Aspergillus fumigatus, Th1 responses are considered protective, while Th2 responses are associated with increased morbidity and mortality. How host-pathogen interactions influence the development of these protective or detrimental immune responses is not clear. We compared lung immune responses to conidia from two fungal isolates that expressed different levels of the fungal cell wall component chitin. We observed that repeated aspirations of the high-chitinexpressing isolate Af5517 induced increased airway eosinophilia in the lungs of recipient mice compared to the level of eosinophilia induced by isolate Af293. CD4
I
mmune-deficient individuals are at risk for developing disseminated fungal infections that cause significant morbidity and mortality, and the risk has increased concurrently with immunesuppressive or myeloablative therapies (1) . As a result, interest in understanding the mechanisms of immune protection from infection has also increased. As with several other fungal pathogens, T helper type 1 (Th1) responses to the human pathogen Aspergillus fumigatus are considered protective, while Th2 responses increase morbidity and mortality (2) (3) (4) . Th1 responses to fungi are generated by dendritic cell (DC) recognition of fungal pathogen-associated molecular patterns (PAMPs) by Toll-like and c-type lectin receptors, resulting in DC production of the Th1-promoting cytokine interleukin-12 (IL-12) (4). However, how host-pathogen interactions drive protective or detrimental responses is less clear. In dormant A. fumigatus conidia, fungal PAMPs are hidden from immune recognition behind an inert hydrophobic rodlet layer (5) . As conidia swell and germinate, immune-stimulatory molecules, such as ␤-glucan, become exposed (6) . Immune recognition of ␤-glucan provides protection from A. fumigatus infection (7) and promotes Th17 responses (8) , which may either promote or inhibit immune protection (7, 9) . Chitin, another critical cell wall component, forms microfibrils that are covalently attached to ␤-(1,3)-glucan in the cell walls of almost all fungi (10) . The immune response to chitin appears to be complex and depends on several factors, such as the size of the chitin particles and the presence or timing of allergic sensitization in experimental animals (11) (12) (13) (14) . Purified chitin or Aspergillus-derived mycelial extracts containing chitin mediated lung eosinophil recruitment in laboratory mice; however, recruitment was decreased in the presence of constitutive lung expression of acidic mammalian chitinase (AMCase) (12, 14) . Although these results also suggest a role for chitin in directing immune responses to chitin-containing pathogens, immune recognition of chitin in models of infection or in response to Aspergillus conidia has not been examined.
Eosinophils are antimicrobial effector cells that are recruited in response to parasitic helminths and contribute to pathology in asthma and allergy (15) . Recruitment of eosinophils is mediated by Th2-associated cytokines and chemokines, including IL-5 and CCL11 (eotaxin-1) (16) (17) (18) . Treatment of asthmatic patients with anti-IL-5 resulted in decreased eosinophil recruitment and decreased the frequency of exacerbations in a subset of patients (19) . In sensitized mice deficient in IL-5 or eosinophils, allergic inflammation was significantly decreased (16, 20) . Eosinophil recruitment in response to lung exposure to A. fumigatus was dependent on IL-5 and IL-17 (21, 22) . Although eosinophils are also recruited to the lungs in a mouse model of invasive pulmonary aspergillosis (IPA) (23) and may play a protective role in immunocompetent mice through direct killing of fungi (24, 25) , the role of eosinophils in Th2-mediated host pathology in invasive infection has not been examined.
In order to develop the most effective therapy for patients that respond poorly to A. fumigatus infection, the roles of cell wall components that have the potential to limit or inhibit protective immunity require investigation. We have observed increased cell wall chitin in an environmental isolate (Af5517) of A. fumigatus compared to the level in other clinical and environmental isolates. Identification of a high-chitin-expressing isolate provided the opportunity to study the role of chitin in eosinophil recruitment and the pathological role of these cells in A. fumigatus infection. In this study, we report that lung immune responses to repeated aspiration of Af5517 conidia are Th2 skewed in comparison to the response to clinical isolate Af293. We also observed that exposure to the chitin in germinating conidia promotes eosinophil recruitment and the absence of these cells results in decreased morbidity and fungal burdens in neutropenic Af5517-infected mice.
MATERIALS AND METHODS
Growth and handling of fungi. The clinical isolate Af293 was obtained from the Fungal Genetics Stock Center, and the environmental isolate NRRL5517 (Af5517) was obtained from the United States Agricultural Research Service. Fungi were grown on malt extract agar (MEA) plates at 22°C or 37°C, where specified, and fungal conidia were isolated from plates using glass beads as previously described (26) . In some experiments, conidia were allowed to germinate in RPMI 1640 (Life Technologies) for 5 or 24 h and then fixed for 4 to 8 h in BD Cytofix buffer (BD Biosciences) (5). Chitin exposure was assessed by staining with 1:500 to 1:1,000 wheat germ agglutinin (WGA)-fluorescein isothiocyanate (FITC; Invitrogen) for 1 h in fluorescence-activated cell sorter (FACS) buffer with 10% rat serum on ice in the dark.
Mouse aspiration and sacrifice. BALB/c or C57BL/6 (B6) mice were obtained from Harlan Laboratories. Eosinophil-deficient (⌬dblGATA) mice (BALB/c mouse background) (27) were obtained from The Jackson Laboratory. SPAM and 4get mice (BALB/c mouse background) were generated previously (12, 28) . Conidial suspensions were delivered by involuntary aspiration of 2 ϫ 10 6 conidia for single or repeated aspirations (Fig.  1A ). Mice were sacrificed 2 to 3 days after the final challenge, as previously described (26) , or were continuously monitored for disease progression until they were moribund or at 10 days postinfection. All animal procedures were approved by the Animal Care and Use Committee of Indiana State University.
Flow cytometric analysis of BALF cells. Bronchoalveolar lavage fluid (BALF) cell composition was determined by flow cytometric analysis of recovered lavage cells in suspension as previously described (26) . All flow cytometry reagents were obtained from BD Biosciences or eBioscience, unless otherwise specified. Populations of cells were evaluated by flow cytometric analysis on a Guava EasyCyte 8HT benchtop flow cytometer (EMD Millipore). Neutrophils were defined as CD45 hi Ly6G ϩ , eosinophils were defined as CD45 hi Ly6G Ϫ CD11c Ϫ SiglecF ϩ , and alveolar macrophages were defined as CD45 hi Ly6G Ϫ CD11c ϩ SiglecF ϩ . CD4 ϩ T cells were defined on the basis of forward and side scatter and surface CD4 expression. The number of cytokine-producing CD4 ϩ T cells was determined by fluorescent intracellular cytokine staining (ICS) with antibodies specific for gamma interferon (IFN-␥) and IL-17A. CD4
ϩ T cells that were positive for the IL-4 transcript were identified by use of IL-4 -green fluorescent protein (GFP) reporter mice (4get) in combination with surface CD4 staining (28) .
Analysis of lung cytokine transcription using quantitative reverse transcription-PCR (RT-PCR). All reagents for analysis of lung cytokine transcription were purchased from SA Biosciences, unless specified otherwise. Mouse lungs were perfused, removed, and homogenized in Tri Reagent 3 days after the final aspiration (Sigma-Aldrich). Total RNA was extracted from lung tissue and purified using an RNA tissue prep kit (Qiagen). Lung mRNA was transcribed into cDNA, and the gene expression level was analyzed with cytokine-specific primers using a custom cytokine array kit (SA Biosciences).
Mouse model of invasive pulmonary aspergillosis. Neutropenic BALB/c or ⌬dblGATA mice were infected with 5 ϫ 10 6 or 1 ϫ 10 7 A. fumigatus isolate Af5517 conidia using a protocol based on well-established models of IPA (29, 30) . Briefly, mice (Fig. 1A) were depleted of neutrophils using 0.5 mg of anti-Ly6G (1A8 [31] ; Bio-X-Cell) 1 day before and after infection. Neutrophil depletion was verified by flow cytometric analysis of peripheral blood. Infected mice were monitored for changes in disease using a five-point scale: 0, healthy; 1, minimal disease (e.g., ruffled fur); 2, moderate disease (e.g., ungroomed, hunched); 3, severe disease (e.g., severely hunched, changes in eye color, low motility); and 4, moribund or deceased. In an independent assessment, disease scores were found to be correlated with weight loss. Mice were sacrificed when they were determined to be moribund. Some mice were sacrificed 3 days after infection to assess the lung fungal burden by measuring the fungal 18S rDNA content by quantitative PCR as previously described (32, 33) using an Mx3005p quantitative PCR (qPCR) system (Agilent Technologies). All qPCR samples were run in triplicate with at least 5 technical replicates. For histological analysis, mice were sacrificed at 3 days postinfection and the lungs were perfused with 5 ml of saline and then 5 ml of 10% formalinbuffered saline followed by inflation using a tracheal catheter insertion and injection of 1 ml of formalin-buffered saline. The lungs were removed and fixed overnight in formalin-buffered saline, followed by tissue embedding, processing, and staining of sections with hematoxylin-eosin (H&E) and Gomori's methenamine silver (GMS) stains. All histological sample processing and staining were performed by the Terre Haute Regional Hospital Pathology Laboratory.
Data analysis methods. Analysis of flow cytometric samples was performed with FlowJo software (TreeStar). Prism software (GraphPad) was used for generation of graphs and for statistical analyses. Unpaired t tests were used to measure statistical significance, and those that resulted in a P value of less than 0.05 were considered significant. When results for more than two groups and/or time points were analyzed, one-or two-way analyses of variance (ANOVAs) were used, along with Tukey's or Holm-Sidak's posttest for multiple comparisons, respectively. For quantification of fungal growth using histological sections, the mean of four representa- tive fields of GMS-positive (GMS ϩ ) staining for each sample was calculated using ImageJ software (National Institutes of Health).
RESULTS
Surface chitin exposure is increased in A. fumigatus isolate Af5517. In previous studies, chitin-mediated lung eosinophil recruitment was induced in response to chitin beads or extracts derived from Aspergillus mycelia (12, 14) . However, the role of chitin in shaping immune responses to conidia is still unclear. Surface exposure of chitin is likely temporal and similar to that of ␤-glucan, and, thus, chitin is masked behind a hydrophobic rodlet layer in dormant conidia and is exposed during swelling of the conidia and subsequent germling formation (5, 6, 34) . To examine the relationship between fungal cell wall chitin exposure and eosinophil recruitment, we used FITC-conjugated wheat germ agglutinin as a chitin-specific probe to compare changes in exposure during germination. At 0, 5, and 24 h, chitin exposure was increased in Af5517 conidia compared to that in Af293 conidia (Fig.  1A and B) . When conidia were allowed to germinate in the presence of chitinase, surface staining was decreased in both isolates compared to that in the untreated controls (Fig. 1C) , thus demonstrating the specificity of the chitin-binding probe and the sensitivity of surface chitin to chitinase-mediated degradation.
Increased airway eosinophil recruitment and altered IFN-␥/ IL-4 expression in response to repeated aspiration of A. fumigatus isolate Af5517. We used isolates Af293 and Af5517 to compare airway immune responses to multiple aspirations of conidia from low-and high-chitin-expressing strains of A. fumigatus in BALB/c mice (the schedule of aspiration is shown in Fig. 2A ). Three days after the final aspiration, we observed a marked increase in airway (BALF) eosinophils in response to Af5517 compared to that in response to Af293 (Fig. 2B and D) . In contrast, neutrophil recruitment was equivalent in response to both isolates. Due to infiltration of inflammatory cells, the frequency of alveolar macrophages was decreased in response to both isolates compared to that for the saline-treated controls, although Af5517-aspirated mice displayed a greater decrease (Fig. 2B and data not shown) . The frequency of lung CD4 T cells and IL-17A-producing CD4 T cells was equivalent in response to each of the isolates (Fig. 2C and E) . However, IFN-␥-producing CD4 T cells were significantly decreased in response to Af5517. In addition to the differences in BALF cells that we observed, similar differences in eosinophil and CD4
ϩ IFN-␥-positive cell recruitment were observed in lung homogenates (see Fig. S1A and B in the supplemental material). Although we were unable to detect IL-4-producing airway CD4 ϩ T cells in Af293-or Af5517-aspirated mice (data not shown), we did observe an increase in IL-4 reporter-expressing CD4 ϩ T cells in response to Af5517 (Fig. 2F) . IL-4 reporter mice (4get) were generated previ- ously and have been used to enumerate IL-4-competent or Th2-skewed cells that do not necessarily secrete high levels of cytokine (28, 35) . Despite the increase in IL-4 expression in CD4 ϩ T cells, total IgE was not increased in response to Af5517 (see Fig. S1C in the supplemental material). These results indicate that repeated aspiration of Af5517 conidia is characterized by increased eosinophilia and a Th2-skewed IFN-␥/IL-4 expression profile compared to the findings obtained after repeated aspiration of Af293 conidia.
In response to repeated aspiration of A. fumigatus conidia, BALB/c and B6 mice exhibited mouse strain-dependent differences characterized by increased airway eosinophils in B6 mice and increased neutrophils in BALB/c mice (36) . To examine the mouse strain-dependent responses in our model, we also compared the airway responses to repeated aspiration of Af293 or Af5517 conidia in B6 mice. As with the BALB/c strain, B6 mice exhibited a marked increase in airway eosinophil recruitment after repeated Af5517 aspiration (Fig. 3A, middle) . However, in contrast to the response in BALB/c mice, increased eosinophilia was accompanied by decreases in neutrophils (Fig. 3A, left) and increases in CD4 ϩ T cells (Fig. 3B, left) in B6 mice. Furthermore, IFN-␥-producing CD4 T cells were not significantly decreased in response to Af5517 (Fig. 3B, middle) . Therefore, although differences were observed between BALB/c and B6 mice, increased airway eosinophilia in response to Af5517 conidia was not mouse strain dependent.
Increased lung Th2 chemokine and decreased IFN-␥ transcription in response to repeated aspiration of Af5517. We further examined the ability of Af5517 conidia to promote Th2 responses by comparing the levels of mRNA of selected cytokines in the lung tissue of BALB/c mice aspirated with Af293 or Af5517. Repeated aspiration of Af5517 resulted in an increase in Th2 cytokine and chemokine transcription in mouse lung tissue (Fig. 4A ). Among these cytokines and chemokines, the transcription of CCL11 (eotaxin-1) and CCL22 (macrophage-derived chemokine) was significantly increased. In contrast, IFN-␥ transcription was decreased in the lungs of Af5517-aspirated mice. The levels of transcription of other cytokines that are involved in eosinophil recruitment and responses, such as IL-17 and IL-18 (21, 37, 38) , were equivalent in response to both isolates. These data demonstrate that repeated aspiration with a highchitin-expressing isolate results in a shift from a Th1-type to a Th2-type expression profile in the lungs, further illustrated as the ratio of IFN-␥ transcription/IL-5 transcription in Af293-and Af5517-immune mice (Fig. 4B) .
Eosinophil recruitment is associated with surface chitin exposure during germination and is sensitive to chitin degradation. In order to determine if increased chitin exposure (Fig. 1) 
FIG 3
Increased eosinophil recruitment in response to Af5517 is not mouse strain dependent. C57BL/6 mice were subjected to multiple aspirations of A. fumigatus conidia, as depicted in Fig was correlated with increased eosinophil recruitment, we gave BALB/c mice a single aspiration of dormant or swollen conidia (which were obtained at 0 or 5 h postgermination, respectively) that were fixed with paraformaldehyde to prevent further germination. Regardless of the state of germination, the recruitment of neutrophils was identical in response to Af293 and Af5517 conidia (Fig. 5A) . However, eosinophils were significantly increased in response to swollen Af5517 conidia. To determine if in vivo chitin degradation reduced eosinophil recruitment, mice that constitutively express AMCase in the lungs (SPAM mice, BALB/c mouse background) aspirated swollen Af5517 conidia. In comparison to wild-type mice, SPAM mice displayed a marked reduction in eosinophil recruitment, while neutrophil recruitment was less affected (Fig. 5B) . Thus, eosinophil recruitment in response to A. fumigatus conidia is sensitive to chitin degradation.
Decreased morbidity and fungal burden in the absence of eosinophils in a model of invasive pulmonary aspergillosis. The increased chitin-mediated eosinophil recruitment observed in response to Af5517 provided an opportunity to examine the role of these cells in Th2 responses to invasive infection. In order to accomplish this, we infected eosinophil-deficient (⌬dblGATA) or wild-type BALB/c mice that had repeatedly aspirated Af5517 and thus had developed Th2-skewed responses to A. fumigatus. In naive mice with no previous exposure, no differences in morbidity or mortality were apparent between wild-type and eosinophil-deficient mice (Fig. 6A) . In both groups, repeated exposures to Af5517 provided protection from infection, although disease severity was significantly increased when eosinophils were present (Fig. 6B) . In both groups of previously exposed mice, we observed significant fungal growth in or near bronchoalveolar spaces, accompanied by significant infiltration of inflammatory cells (Fig. 6C) . In wildtype mice, it was possible to observe eosinophils within bronchoalveolar inflammatory foci in direct association with A. fumigatus hyphae (Fig. 6C, inset, top left) . When the lung fungal burden was measured at 3 days postinfection by quantification of GMS ϩ areas in histological sections (Fig. 6D) or by qPCR of fungal DNA in lung tissue (Fig. 6E) , the burden in eosinophil-deficient A. fumigatus-immune mice was significantly decreased. Therefore, our results suggest that eosinophils contribute to increased morbidity and decreased fungal clearance associated with Th2 responses to invasive A. fumigatus infection.
DISCUSSION
Our results indicate that the chitin associated with fungal germination promotes lung Th2-type cytokine/chemokine production and eosinophil recruitment. How this occurs is not entirely clear. An immune receptor that recognizes and signals in response to the specific binding of chitin has not been completely characterized, although NOD2, Toll-like receptor 9 (TLR9), and mannose receptor have recently been shown to be required for chitin-induced IL-10 macrophage secretion in vitro (39) . In macrophages, TLR2 was required for the chitin-mediated induction of IL-17A, al- though direct TLR2-chitin interactions were not observed (40) . It is possible that the Th2-skewed immune responses to Af5517 conidia in our model are dependent on binding of chitin to one or more of these candidate receptors.
We observed that multiple aspirations of isolate Af5517 increased the lung transcription of CCL11 and CCL22 and decreased IFN-␥ (Fig. 4) . CCL11 and IL-5 are potent inducers of eosinophil development and/or chemotaxis (15), while dendritic cell-produced CCL22 is increased in patients with allergic rhinitis or atopic dermatitis and induces Th2 chemotaxis (41) (42) (43) . However, other cytokines might also play a role in the increased eosinophil recruitment and pathology observed in our study. In two recent reports, it was shown that IL-17A promoted eosinophil recruitment in response to A. fumigatus inhalation and impaired protection from infection (9, 21) . The roles of IL-17A and other cytokines related to eosinophil recruitment, the development of Th2 responses, and A. fumigatus pathology are important factors to consider in future studies.
We observed increased surface chitin exposure in Af5517 conidia compared to that in isolate Af293, and this difference was enhanced in swollen conidia ( Fig. 5A and B) . In addition to chitin, ␤-glucan is also exposed at the surface of swollen and germling conidia (6, 34) . Thus, immune recognition of chitin and ␤-glucan is occurring simultaneously, and this corecognition likely plays a role in shaping the lung immune responses observed in our studies. Although we observed that eosinophil recruitment was partly sensitive to chitin degradation (Fig. 5C ), the contribution of corecognition of ␤-glucan is still unknown and requires further examination.
Despite the Th2 shift in response to Af5517, memory/effector T cell responses to previous exposures to Af5517 conidia still provided some protection from infection, as naive mice succumbed to infection with Af5517 at the doses that we used in this study (Fig. 6A) . However, the virulence of Af5517 was decreased relative to that of Af293 (45) , and BALB/c mice are less susceptible to IPA than other strains (29) . It will be of interest to induce Th2 responses to more virulent isolates and include more susceptible mouse strains in future studies to observe the effect of these experimental manipulations on the role of eosinophils in Th2-mediated pathology.
Although eosinophils were previously implicated in the pathology of asthma and allergy (19, 20) , the results of this study suggest that eosinophils should be further examined as a potential target to enhance treatment of IPA, particularly in individuals that mount poorly protective Th2 responses. Eosinophils are immune effector cells that secrete inflammatory cytokines and granule proteins that are highly toxic to parasitic helminths but also contribute to the pathology of allergy and asthma (15) . In naive immunocompetent mice, eosinophils provide some protection from A. fumigatus infection (25) . However, our results suggest that in the context of Th2 responses, eosinophils have the potential to exacerbate lung inflammation and worsen disease. It is possible that the presence or absence of neutrophils determines the ability of eosinophils to enhance or impair protection from infection. Additionally, the absence of both cell types might result in the recruitment of other effector cells that ultimately enhance protection. For example, in neutropenic mice infected with A. fumigatus, DC recruitment and maturation were enhanced (44) , and it is possible that an additional eosinophil deficiency would stimulate further enhancement. Therefore, an important direction for further study is evaluation of the role of eosinophils and other host effector cells and molecules that ultimately drive protective or pathogenic immune responses to fungal infection.
